We combine the labeling of newly transcribed rnAs with 5-ethynyluridine with the characterization of bound proteins. this approach, named capture of the newly transcribed rnA interactome using click chemistry (ricK), systematically captures proteins bound to a wide range of rnAs, including nascent rnAs and traditionally neglected nonpolyadenylated rnAs. ricK has identified mitotic regulators amongst other novel rnA-binding proteins with preferential affinity for nonpolyadenylated rnAs, revealed a link between metabolic enzymes/factors and nascent rnAs, and expanded the known rnA-bound proteome of mouse embryonic stem cells. ricK will facilitate an in-depth interrogation of the total rnA-bound proteome in different cells and systems.
peroxidase activity showed a strong signal that was diminished when cotreated with RNase ( Supplementary Fig. 1b) .
We then performed the same procedure, but used 254-nm UV to crosslink RNA with protein, and magnetic streptavidinconjugated beads to capture the EU-labeled RNA-protein complexes ( Fig. 1) . Gel electrophoresis and silver staining confirmed that RICK successfully isolates proteins directly interacting with EU-labeled RNAs (Supplementary Fig. 1c ). The specificity of the pull down was confirmed by loss of protein pull-down signal when the samples were not crosslinked or were cotreated with RNase ( Supplementary Fig. 1c) . We used western blotting to validate the capture of known RBPs by RICK, and β-ACTIN, β-TUBULIN were used as negative controls ( Supplementary  Fig. 1d ). Thus, we have established a novel methodology to specifically isolate proteins interacting with newly transcribed RNAs.
determination of rnA species captured by ricK We performed RNA sequencing (RNA-seq) of a RICK pull-down sample to understand the nature of the captured RNAs. Our analysis (Fig. 2a, Supplementary Fig. 2a , and Supplementary Table 1 ) showed obvious differences compared to the oligo(dT) capture data set by Castello et al. 1 , in which ~80% of the captured RNA were mRNAs.
Next, we studied the enrichment in RICK samples versus oligo(dT) capture of three relevant non-polyA RNA species: circular RNAs (circRNAs) 7 , proximal promoter RNAs (ppRNAs) 8, 9 , and enhancer RNAs (eRNAs) 10, 11 . We observed 6,199 backsplicing events, suggestive of circRNAs, in the RICK sample compared to only 57 in the oligo(dT) capture data set by Castello et al. 1 (Supplementary Fig. 2b and Supplementary Table 2) . Of the 6,199 back-splicing events, 828 overlapped with circBase data sets 12 , compared to only 2 in the oligo(dT) capture. The normalized number of junction reads 13 was also higher in RICK (64.6 mapped back-splice junction reads per million reads) than oligo(dT) capture (8.2) . Examples of candidate circRNAs enriched in RICK are shown in Supplementary Figure 2c ; circ-6763 was validated by Sanger sequencing of a RICK sample ( Supplementary  Fig. 2d ). For assessing ppRNAs, we divided genes in transcriptionally paused or not paused based on the RNA polymerase II (Pol II) traveling ratio (TR) 9, 14 ( Supplementary Fig. 3a ) using a previously reported data set 15 . Transcriptionally paused genes (TR > 4) showed higher RNA-seq signals accumulated around the TSS in RICK samples compared to oligo(dT) capture 1 , suggesting efficient isolation of ppRNAs only by RICK, whilst for nonpaused genes (TR < 4) the difference was small (Fig. 2b,c and Supplementary Fig. 3b) . A transcriptionally paused transcript captured by RICK and not by the oligo(dT) capture method, the ACOX1 locus, is shown in Supplementary Figure 3c . We also observed robust enrichment of RNA-seq signals, suggestive of eRNAs, across putative enhancer regions 16 in RICK samples (6.05%) but not in oligo(dT) capture (0.11%) (Fig. 2d) . This was further confirmed by comparison with the FANTOM5 database for bidirectional eRNAs 17 ( Supplementary Fig. 3d ). For example, a specific transcribed enhancer on chromosome 1 could only be detected by RICK (Supplementary Fig. 3e ).
Quantitative RT-PCR (RT-qPCR) verified the isolation of selected non-polyA RNAs extracted using RICK, and the same RNAs were less enriched or absent in oligo(dT) capture samples ( Fig. 2e and Supplementary Fig. 3f ). Control mRNAs showed similar or higher levels using oligo(dT) capture (Fig. 2e) . In conclusion, RICK successfully isolates a wide variety of RNA species not limited to polyA RNAs, suggesting that it can also enrich RBPs not isolated by oligo(dT) capture methods.
characterization of proteins isolated by ricK
We analyzed the proteins isolated by RICK with liquid chromatography-tandem mass spectrometry (LC-MS/MS). This yielded 1,353 proteins divided into high-(720) or low-confidence (633) subsets ( Supplementary Fig. 4a ,b and Supplementary Table 3) . We compared the 720 high-confidence proteins with the 860 proteins of the 'HeLa mRNA interactome' recovered by oligo(dT) capture 1 . 350 proteins were present in both data sets, whilst 370 were only in RICK ( Supplementary Fig. 4c and Supplementary Table 3) . Although 510 proteins of the 'HeLa mRNA interactome' were not included in the high-confidence RICK group, 159 of those were in the low-confidence RICK group (Supplementary Table 3d ). Because RICK and oligo(dT) capture have different biases in the types of captured RNAs, it is no surprise that many proteins are unique to each method.
We also produced a new HeLa oligo(dT) capture data set and analyzed it using the same criteria as our RICK data set. We identified 554 high-confidence proteins, which, as expected, had a significant overlap (452 proteins, 81.6%) with the 'HeLa mRNA interactome' (Supplementary Fig. 4c and Supplementary  Table 3e ). Moreover, of the 370 high-confidence proteins identified by RICK and absent in the 'HeLa mRNA interactome' , only 26 were present in our oligo(dT) capture ( Supplementary Fig. 4c and Supplementary Table 3) ; we termed the remaining 344 candidate RBPs 'RICK-exclusive RBPs' (Supplementary Table 3) .
We then performed oligo(dT) capture in the presence of EU to evaluate whether its incorporation affects RNA-protein interactions. Unsupervised clustering of the ion intensities showed that our EU+ and EU-oligo(dT) capture samples were highly correlated with each other but were poorly correlated with the RICK samples (Fig. 3a) . We identified 469 high-confidence proteins in the oligo(dT) capture samples of HeLa cells treated with EU (Supplementary Table 3) , of which only 53 were not present without EU (Supplementary Fig. 4d ), and only two of those 53 proteins were amongst the 344 RICKexclusive RBPs (Supplementary Table 3 ).
In addition, comparison of the 344 RICK-exclusive RBPs with three reported human oligo(dT) capture studies 2, 18, 19 showed that most of these proteins (295, 85.8%) are truly unique to RICK ( Fig. 3b and Supplementary Table 3 ), so we termed them 'RICKunique RBPs' . Western blotting for a panel of candidates identified by RICK, including several RICK-unique RBPs such as the mitotic regulator CDK1 and the 7-methylguanosine (m 7 G) methyltransferase METTL1 20 , validated that these proteins are precipitated by RICK but not by oligo(dT) capture (Supplementary Fig. 4e) . Conversely, classical RBPs were present in samples from both methodologies.
Therefore, RICK isolates many proteins not identified in oligo(dT) capture studies, and the differences are neither caused by variations in cell culture, proteomic procedures, nor introduced by EU labeling.
Functional analysis of proteins isolated with ricK
We performed Gene Ontology (GO) analysis of the 295 RICKunique RBPs, observing enrichment of biological processes related to mitosis (Fig. 4a and Supplementary Table 4) . KEGG pathway analysis also included 'cell cycle' (P = 3.16 × 10 -11 ) amongst the top ten most significantly enriched pathways ( Fig. 4b and Supplementary Table 4) . Conversely, GO and KEGG analysis of the 425 proteins identified by RICK and present in oligo(dT) capture data sets showed mostly RNA-related processes ( Supplementary  Fig. 5a ,b and Supplementary Table 4) . We also observed enrichment of other KEGG and GO terms, such as 'proteasome' and multiple terms related to transcriptional regulation, amongst the 295 RICK-unique RBPs (Supplementary Fig. 5c,d Fig. 5e ,f and Supplementary  Table 4) . Taken together, these data further reinforce the uniqueness of RICK in isolating proteins that were not identified using oligo(dT) capture methods and reveal the function of RNAs in unanticipated cellular processes. ricK identifies proteins with preferential binding to non-polyA rnAs Considering the striking differences in RNA species isolated by RICK and oligo(dT) capture, it seemed plausible that a considerable proportion of the 295 RICK-unique RBPs bind preferentially to non-polyA RNAs. This specificity could be due to stoichiometry, subcellular localization, or potentially intrinsic binding specificity. three consecutive rounds of incubation with oligo(dT)-coated beads to our standard RICK protocol (Supplementary Fig. 6a ). We confirmed efficient removal of polyA RNAs by RT-qPCR, whilst the control 18S RNA remained unaffected ( Supplementary  Fig. 6b ). LC-MS/MS identified 914 high-confidence proteins, which we termed 'polyA-depleted RICK proteins' . Of these 914 proteins, 576 overlapped with the 720 high-confidence proteins of the standard RICK procedure (Fig. 5a and Supplementary Table 5 ). Further analysis showed that 204 (69.2%) of 295 RICKunique RBPs overlap with the 914 polyA-depleted RICK proteins ( Fig. 5b and Supplementary Table 5) . Importantly, GO analysis of these 204 proteins showed enrichment of biological processes related to mitosis (Supplementary Table 5 ). We also noticed that 39 of the remaining 91 RICK-unique RBPs were amongst the low-confidence proteins identified in the polyA-depleted RICK (Supplementary Table 5 ). On the other hand, amongst the 710 polyA-depleted RICK proteins not overlapping with the RICKunique RBPs, 563 were present in oligo(dT) capture data sets (Fig. 5b) , suggesting that these proteins have a mixed tendency to bind polyA and non-polyA RNAs. We then used western blotting to confirm that a panel of selected RICK-identified RBPs, including CDK1 and METTL1, remain enriched after polyA RNA removal (Supplementary Fig. 6c ). In conclusion, these results demonstrate that RICK can be used to identify proteins binding preferentially to non-polyA RNAs.
characterization of rnAs interacting with mettl1 and cdK1
We chose two RICK-unique RBPs, METTL1 and CDK1, to study their interacting RNAs using PAR-CLIP sequencing 22 . Two independent PAR-CLIP sequencing experiments for METTL1 showed extensive overlap in the captured RNAs (Supplementary Fig. 7a ), a large proportion of which were captured with RICK too (Supplementary Fig. 7b ). Further analysis confirmed prominent binding of METTL1 to tRNAs (31.8% of the PAR-CLIP tags). There was also binding to diverse-presumably-non-polyA RNAs such as intronic RNAs (5.9%) and RNAs transcribed from intergenic regions (not annotated as lincRNAs; 1.7%) (Fig. 5c ).
In addition, 37.8% of sequences mapped to mRNAs, but these mapped sequences could correspond to immature transcripts, circRNAs, or ppRNAs. Sequencing tracks for specific target RNAs are shown in Supplementary Figure 7c . We next performed RNA immunoprecipitation (RIP) followed by RT-qPCR (RIP-qPCR) using random hexamers or oligo(dT) primers to discern whether METTL1 target RNAs have polyA tails (Supplementary Fig. 7d ). RIP-qPCR validated the interaction of METTL1 with the nonpolyA RNA vault RNA1-3 (VTRNA1-3) 3 ( Fig. 5d) . RIP-qPCR also showed enrichment for seven mRNAs using random hexamers, whilst only three of these could be comparably amplified using oligo(dT) primers, supporting the fact that METTL1 binds to nonpolyA RNAs containing mRNA sequences (Fig. 5d) . These results were validated using semiquantitative PCR ( Supplementary  Fig. 7e ). In addition, motif discovery of our METTL1 PAR-CLIP sequencing data showed that 'CUCUUCG' is amongst the most enriched binding motifs in the two replicate experiments (Fig. 5e) . Separate analysis of non-tRNAs and tRNAs showed that the two most enriched motifs in each group are not identical, but they all contain a 'UUCG' core sequence, which is commonly found in the T arm of many tRNAs ( Supplementary Fig. 7f,g ). The latter is consistent with reports showing that METTL1 recognizes the T arm of tRNAs to perform m 7 G modification 23, 24 .
The analysis of CDK1 PAR-CLIP sequencing revealed binding to RNAs transcribed from intergenic regions (4.0%) and intronic RNAs (6.1%), amongst others ( Supplementary Fig. 8a ). There was also extensive overlap with the RNAs captured by RICK (Supplementary Fig. 8b ). Sequencing tracks for two intergenic RNAs bound by CDK1 are shown in Supplementary Figure 8c . RIP-qPCR confirmed the capture of selected intergenic RNAs identified in the sequencing (Supplementary Fig. 8d ). Moreover, of six selected mRNA sequences, only one showed enrichment with oligo(dT) primers using RIP-qPCR, potentially explaining why mRNAs comprise 58.6% of the CDK1 PAR-CLIP sequencing reads ( Supplementary Fig. 8d ).
Therefore, METTL1 and CDK1 bind extensively to nonpolyA RNAs, hinting at overlooked RNA-related functions of these two proteins.
capture of the nascent rnA interactome using ricK We then performed short EU labeling (0.5, 1, and 2 h) of HeLa cells to study whether RICK can enrich the capture of proteins interacting with nascent (emerging or primary) RNAs 6, 25 ( Supplementary Fig. 9a,b) . We envisaged that this may allow studying RNA-protein interactions in the context of transcription. There was reduced capture of both RNAs and proteins compared to 16-h RICK on account of less EU incorporation (Supplementary Fig. 9c) . Similarly, the percentage of sequences corresponding to 5′ UTR, CDS, and 3′ UTR was reduced with the short-labeling RICK, indicating that fewer mature mRNAs had accumulated (Supplementary Fig. 9d ). Besides, rRNAs were more enriched, which might be caused by the higher concentration of EU (1 mM) compared to the 16-h RICK (0.25 mM). Overall, we identified 208 distinct high-confidence proteins (149, 119, and 143 for 0.5, 1, and 2 h, respectively), which we termed 'nascent enriched RBPs' and 319 low-confidence proteins ( Fig. 6a and Supplementary Table 6 ). We used western blotting to validate two nascent-enriched RBPs, RBM3 and TRIM28 ( Supplementary Fig. 9e) ; conversely, HNRNPK and PTBP1 were present in both methodologies. As predicted, GO and KEGG pathway analyses of the 208 nascent-enriched RBPs showed terms enriched in transcription and RNA metabolism ( Fig. 6b and Supplementary Table 6 ). Further study showed that only 43 of these 208 were not identified by oligo(dT) capture in HeLa cells ( Supplementary Fig. 9f and Supplementary Table 6), consistent with the isolation of RBPs participating in transcription by oligo(dT) capture (e.g., HNRNPK) 26 . 22 of those 43 nascentenriched RBPs were not amongst the 295 RICK-unique RBPs ( Supplementary Fig. 9f and Supplementary Table 6) . Notably, GO analysis of these 43 proteins showed significant (P = 2.02 × 10 -7 ) enrichment of terms related to 'coenzyme metabolic process' or 'cofactor metabolic process' (P = 7.10 × 10 -7 ) ( Supplementary  Fig. 9g and Supplementary Table 6 ). Eight of the 43 proteins were enzymes/factors related to these two GO terms (Supplementary  Table 6d ,e and Supplementary Note). Six of these eight proteins were present in 0.5-h RICK ( Supplementary Fig. 9h and Supplementary Table 7) , reinforcing the idea that they interact with nascent RNAs. These findings suggest a link between nascent RNA transcription and local metabolite production to regulate the epigenome 27 and potentially the epitranscriptome 28 .
capture of the total rnA interactome of mescs using ricK Next, we aimed to demonstrate that RICK can be applied to other cell types. We confirmed efficient incorporation of EU in mESCs using streptavidin-conjugated horseradish peroxidase (Supplementary Fig. 10a ), and performed LC-MS/MS, which identified 518 high-confidence and 304 low-confidence proteins (Supplementary Table 6 ). 160 of these 518 high-confidence proteins overlapped with the 'mESC mRNA interactome' reported by Kwon et al. 29 , whilst 358 were exclusive to RICK, and we thus termed them RICK-exclusive mESC RBPs ( Supplementary  Fig. 10b and Supplementary Table 6 ). GO analysis of these 358 candidate RBPs showed enrichment of RNA-binding or polyA-RNA-binding terms ( Supplementary Fig. 10c and Supplementary Table 6 ). 95 of these 358 proteins were expressed at higher levels in mESCs than in differentiated cells [30] [31] [32] [33] , pointing to a potential role in mESC self-renewal or pluripotency ( Supplementary  Fig. 10d and Supplementary Table 6) . Consistently, we noticed that SON 34 , SMARCC1 (BAF155) 35 , and TRIM28 36 were amongst the RICK-exclusive mESC RBPs. Thus, RICK can be applied to different cell types other than HeLa; further studies will be needed to ascertain the role in self-renewal/pluripotency of the newly identified candidate RBPs in mESCs.
discussion
We have developed a novel EU-based technology termed RICK to systematically characterize the total RNA interactome.
Supporting our findings, Kanakkanthara et al. 37 recently showed that CYCLIN A2 interacts with Mre11 mRNA in a CDK1-independent manner, whilst Brannan et al. 38 reported computerbased prediction for novel RBPs that included several mitotic regulators. Deeper understanding of how mitotic regulators and RNAs are intertwined has implications for pathological states such as oncogenic transformation. As for the tRNA methyltransferase METTL1 23, 24 we identified with RICK, one intriguing possibility is that, besides tRNA methylation, it induces m 7 G methylation of other RNA species to regulate their metabolism, though binding of METTL1 to those RNAs could have a different function.
Importantly, RICK can be easily modified to expand its potential applications, and we have shown proof of principle using short labeling times or incubation with oligo(dT) beads to remove polyA RNAs. Short-labeling RICK has revealed a potential link between metabolic enzymes/factors and nascent RNAs. Many metabolic enzymes/factors had been identified as bona fide RBPs in oligo(dT) capture studies 1,39 , but it was not known that some of them may interact with nascent RNAs. Short-labeling RICK could also be useful to differentiate RBPs interacting with newly transcribed RNAs from those interacting with steady-state RNAs. These differences could be used to map dynamic changes in the RNA interactome during acute cell stimulation or stem cell fate transitions. In addition, incorporation of EU into live animals might allow the characterization of RBPs in mammalian organs or during development. Whilst our manuscript was under review, He et al. 40 reported a methodology (RNA-binding region identification, RBR-ID) based on the incorporation of 4-thiouridine (4SU, another uridine analog) into newly transcribed RNAs in mESCs. Comparison of our 358 RICK-exclusive mESC RBPs with the 814 proteins identified using RBR-ID showed overlap of only 75 (20.9%) proteins (Supplementary Fig. 10e and Supplementary Table 6 ). This discrepancy might have been caused by the fact that the authors only isolated nuclear proteins. Future studies will be necessary to ascertain the advantages and disadvantages of RICK compared to other nucleoside-based technologies for RBP identification. methods Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. online methods A step-by-step protocol is available as a Supplementary Protocol.
Cell lines and culture conditions. HeLa and HEK293T cells were cultured in DMEM (Dulbecco's Modified Eagle's medium, Hyclone) supplemented with 10% fetal bovine serum (FBS, Biowest), nonessential amino acids (Gibco), penicillin-streptomycin (HyClone), and GlutaMax (Gibco); E14 mESCs were cultured on 0.1% gelatin (Millipore)-coated plates in chemically defined N2B27-based medium 41 : DMEM/F12 (HyClone) and Neurobasal (Gibco) mixed 1:1, supplemented with N2 (Gibco), B27 (Gibco), nonessential amino acids, GlutaMAX, sodium-pyruvate (Cellgro), penicillinstreptomycin, 0.1 mM β-mercaptoethanol (Gibco), 1,000 U/mL leukemia inhibitory factor (LIF, Millipore), CHIR99021 (3 µM, Selleck), and PD0325901 (1 µM, Selleck).
Visualization of ethynyluridine incorporation. HeLa cells were cultured in medium with 0.25 mM (RiboBio) for 16 h, and mESCs were cultured with 0.5 mM EU. Cells were then fixed with 90% ethanol for 30 min, washed with phosphatebuffered saline (PBS) three times, and permeabilized with 0.5% Triton X-100 (in PBS) for 15 min. After three washes with PBS, permeabilized cells were incubated with 1 mL of click reaction buffer for each well of a 6-well plate (PBS containing 0.2 mM CuSO 4 , 250 µM biotin-azide, and 2.5 mM sodium L-ascorbate) for 3 min. Cells were washed three or five times with 0.5% Triton X-100 (in PBS) supplemented with 2 mM EDTA and incubated with 1 mL horseradish-peroxidase-labeled streptavidin (0.5 µg/mL) for 1 h at room temperature. After three washes with PBS, DAB solution was added for 3-10 min to detect the EU-incorporation signal. Images were taken using a Zeiss Axiovert 40C inverted microscope.
Capture of the newly transcribed RNA interactome using click chemistry. For the 16-h RICK experiment using HeLa cells, three 10 cm-plates (Corning) of cells were grown to 80% confluence, and for mESCs three 10 cm-plates grow to 30% confluence. Then, cells were cultured with EU for 16 h. After washing three times with PBS, the plates were placed on ice and irradiated with 0.15 J/cm 2 UV light at 254 nm. Cells were then fixed with 90% ethanol for 30 min, washed three times with PBS, and permeabilized with 0.5% Triton X-100 (in PBS) for 15 min. After three washes with PBS, permeabilized cells were incubated with 10 mL of click reaction buffer supplemented with 0.6 mM THPTA (tris(3-hydroxypropyltriazolylmethyl)amine) (SigmaAldrich, cat# 762342) and 1 mM aminoguanidine hydrochloride (Sigma-Aldrich, cat# 396494) for 3 min. The reaction was stopped by washing the cells with 0.5% Triton X-100 (in PBS) supplemented with 2 mM EDTA three times. Cells were then lysed in lysis buffer (20 mM Tris-HCl, pH 7.5, 500 mM LiCl, 1 mM EDTA pH 8.0, 0.5% lithium-dodecylsulfate (LiDS), and 5 mM DTT) supplemented with protease inhibitor cocktail (Roche, cat# 04693132001) and RNase inhibitor (TaKaRa, cat# 2313A), and they were harvested by scraping. Lysates were homogenized using a syringe with a 0.4 mm diameter-needle. 5% of the lysate was taken out as an input control. Complexes containing different RNA species and their associated proteins were isolated with streptavidin-conjugated magnetic beads (100 µl beads for each plate; Dynabeads MyOne Streptavidin C1, Thermo Fisher Scientific, cat# 65602). After incubation with the lysates for 2 h under continuous rotation, the beads were isolated on a magnetic stand and washed using lysis buffer, buffer 1 (20 mM Tris-HCl, pH 7.5, 500 mM LiCl, 1 mM EDTA pH 8.0, 0.1% LiDS, and 5 mM DTT), buffer 2 (20 mM Tris-HCl pH 7.5, 500 mM LiCl, 1 mM EDTA pH 8.0, and 5 mM DTT), and buffer 3 (20 mM Tris-HCl pH 7.5, 200 mM LiCl, 1 mM EDTA pH 8.0, and 5 mM DTT) for two times each under rotation (for 10 min at 4 °C). Afterwards, RNA or proteins were extracted from the captured complexes using proteinase K at 55 °C for 2 h (New England Biolabs, cat# P8107S) or RNase A at 37 °C for 1 h (Sigma-Aldrich, cat# R4875), respectively. All buffers were prepared with RNasefree H 2 O. For short-labeling (0.5, 1, 2 h) RICK in HeLa, we used EU at a final concentration of 1 mM; the rest of the procedure was similar to 16-h RICK. Additional information is available as a Supplementary Protocol.
Western blotting and silver staining. Proteins were loaded onto SDS-PAGE gel for separation. After transferring onto a PVDF membrane (Millipore), they were blocked for at least 1 h with 5% milk in TBST (0.1% Tween-20 in tris-buffered saline (TBS)) before incubating with the primary antibodies at 4 °C overnight. After three washes with TBST, the membranes were incubated for 2 h at room temperature with HRPconjugated secondary antibodies and washed three times again with TBST. The signal was generated with ECL plus (Enhanced Chemiluminescence, Amersham, cat# RPN2232) and detected with FUSION SOLO 4M System (Vilber Lourmat). Detailed antibody information is provided in Supplementary Table 8 .
For silver staining, the gel was fixed with 50% methanol and 5% acetic acid for at least 40 min after SDS-PAGE gel separation and washed using 50% methanol followed by deionized H 2 O for 10 min each. The gel was then sensitized in 0.02% Na 2 S 2 O 3 for 1 min and washed with deionized H 2 O twice for 1 min, followed by staining with 4 °C 0.1% AgNO 3 for 20 min in the dark. Afterwards, the gel was washed twice with deionized H 2 O for 1 min. Then, a mixture of 2% Na 2 CO 3 and 0.04% formaldehyde was added for developing the gel, and 5% acetic acid was used to stop the reaction. All the above solutions were prepared in deionized H 2 O.
RNA extraction, RT-qPCR, and high-throughput RNA sequencing. RNA complexes isolated by RICK or oligo(dT) capture were treated with proteinase K and then isolated using TRIzol. To facilitate the precipitation, 20 µg/mL glycogen (Thermo Fisher Scientific, cat# AM9510) in isopropanol was added. RNA was reconstituted in RNase-free H 2 O, and cDNA synthesis was performed using the SuperScipt III Kit (Thermo Fisher Scientific, cat# 18080093). RT-qPCR was performed using SYBR Premix Ex Taq kit (TaKaRa, cat# RR420A); detailed primer information is provided in Supplementary Table 8 . For RICK RNA-seq, RNAs were fragmented with ZnCl 2 at 94 °C for 3 min to approximately 200 nucleotides, subjected to first-strand and second-strand synthesis, adaptor ligation, and then low-cycle amplification using TruSeq RNA LT/HT Sample Prep Kit (Illumina). The purified library products were evaluated using the Agilent 2200 TapeStation and Qubit 2.0 (Life Technologies) and diluted to 10 pM for cluster generation followed by high-throughput sequencing (1 × 50 bp) on HiSeq 2500 (Illumina).
Bioinformatics analysis of high-throughput sequencing.
For RICK RNA-seq, data were aligned to the hg19 human genome assembly using Bowtie2 (v2.2.5) 42 with default settings. Distribution of the aligned reads was calculated according to GENCODE v19 with in-house scripts. Pol II data from HeLa cells were taken from Gene Expression Omnibus (GEO, GSE53008) 15 and aligned to the hg19 genome. Genome-wide sequence read density maps were generated using the glbase track module 43 . Only a single read per base pair per strand was allowed in the generated tracks. For TR calculation, we analyzed the same ChIP-seq data set for Pol II in HeLa cells. The TR for all Ensembl transcripts (GENCODE v19) was generated by measuring the mean sequence tag density −30/+300 bp around the TSS and dividing this by the mean sequence tag density within the remaining transcript body. Pseudogenes, antisense transcripts, and any transcript with a transcript body less than 2 kb long were not considered for the TR calculation. This left 12,727 valid transcripts, of which 5,889 had a TR > 4 and 6,838 transcripts a TR < 4. Sequence tag pileups were drawn using glbase. H3K4me1 and H3K27ac ChIPseq data in HeLa cells were obtained from GSE29611 (ref. 16 ). Reads were aligned to the hg19 genome using Bowtie2 (v2.2.5) with default settings. Binding peaks were called using MACS with default settings, and the cobinding sites of H3K4me1 and H3K27ac were defined as potential enhancer regions. The densities of oligo(dT) capture RNA-seq 1 , ChIP-seq, and RICK RNAseq were calculated at potential enhancer regions. FANTOM5 (ref. 17) enhancers were lifted over to hg38 human genome, and enhancers specific to HeLa cells were defined if they had >0.2 tags per million deepCAGE tags in any of the two HeLa RICK RNA-seq samples. This left 2,189 eRNAs expressed in HeLa cells. Read densities were combined, and the metagene plot was generated by R. For candidate circRNA identification, raw sequencing reads were first preprocessed to remove duplicated fragments, adapters, and low-quality bases. The remaining high-quality reads for each sample were further aligned to the hg19 human genome using a spliced read aligner TopHat 44 with the following parameters: transcriptome-mismatches = 3; mate-std-dev = 50; genome-read-mismatches = 3 with the single-end alignment option as well as the annotated gene model file downloaded from UCSC (http://genome.ucsc.edu/). To maximize the removal of reads resulting from linear transcripts, the canonical junctions deduced from TopHat for all data were initially pooled together. Subsequently, the reads ignored by TopHat were aligned to the canonical junction pool and then to the genome for the second time using Bowtie2 with the settings '-very-sensitive-mm-scoremin = C,-15,0' . Finally, the terminal parts of each unmapped read were extracted and aligned to the genome independently. Next, after extending the anchor alignments, we defined the original read as a circRNA candidate when paired chiastic anchor mapping and GT-AG splicing signals were identified. If the anchors aligned to multiple positions, all possible combinations of paired anchor alignments belonging to the same original read were analyzed. When multiple junction interpretations were possible for a read, the back-spliced junction was distinguished when it harboeds the minimum mismatch number, and hence the false discoveries resulting from repetitive sequences were largely avoided. To exclude the possibility that the number of identified circRNA candidates was due to the different depths of sequencing, we normalized the number of junction reads (indicative of circRNAs) to total sequencing reads. The original RNA-seq data of the oligo(dT) capture study by Castello et al. 1 was obtained from the authors. For PAR-CLIP sequencing analysis, adapters and reads shorter than 15 nucleotides were removed. Identical reads were collapsed using FASTQ/A Collapser. Then, reads were first aligned to hg19 Repeat Masker sequences (downloaded from UCSC table browser with tRNA sequences removal); unaligned reads were further aligned to hg19 genome assembly using bowtie version 1.1.2 with the following configuration, -p 8 -v 2 -m 1 -f. Aligned reads were used for peak calling with PARalyzer (v1.5) 45 , requiring a minimum cluster size of 10 nucleotides, a minimum conversion count of 2 T-to-C conversion (recommended settings), and five minimum read counts for cluster inclusion. Peaks were categorized to two groups (with/without peaks annotated as tRNA) and further used for de novo motif finding using HOMER's (v4.7) findMotifsGenome. pl program 46 with the settings '-rna -S 10 -len 4,5,6,7' and annotated according to GENCODE v19 for downstream distribution analysis. Distribution of the aligned reads was calculated according to GENCODE v19 with in-house scripts.
Sample preparation for LC-MS/MS.
For LC-MS/MS analysis, isolated protein samples from different experiments (using the same initial amount of cells for RICK, polyA-depleted RICK, and our oligo(dT) capture) were reduced with 50 mM tris(2-carboxyethyl) phosphine hydrochloride (Sigma-Aldrich) and 200 mM S-methyl methanethiosulfonate (Sigma-Aldrich) separately, followed by washing with 70% ethanol, 8 M urea, and 0.25 M triethylammonium bicarbonate (Sigma-Aldrich). Proteins were digested into peptides with 1 µg/µl trypsin in 5 mM triethylammonium bicarbonate at 37 °C overnight. An Ultimate 3000 HPLC system (Dionex) equipped with a 2 mm inner diameter and 100 mm long, Gemini 3 µm NX-C18 110 Å, LC column (Phenomenex, cat# 00D-4453-B0), was used for fractionation. Peptides were loaded into the column and washed with 5% acetonitrile (ACN, pH 10.0). Peptide fractionation was performed using ACN with a linear binary gradient from 15 to 50% at 0.2 mL/min over 45 min. Finally, the column was washed with 90% ACN for 10 min and returned to 5% ACN for 10 min. The UV detector was set at 214/280 nm and fractions were collected every minute. In total, 10 fractions were separated for each sample and dried by vacuum centrifuge for subsequent nano-reversed phase liquid chromatography fractionation.
LC-MS/MS.
Each fraction was resuspended in loading buffer (containing 0.1% formic acid and 2% ACN) and separated using an Ultimate 3000 nano-LC system equipped with a C18 reverse phase column (100 µm inner diameter, 10 cm long, 3 µm resin). Peptides were separated using mobile phase A solution (containing 0.1% FA and 5% ACN) and mobile phase B solution (containing 0.1% FA and 95% ACN). Specifically, peptides were separated with a gradient of 5% to 40% phase B solution in phase A solution at a flow rate of 300 nl/min over 70 min. Then, the LC eluate was subjected to analysis with Q Exactive Hybrid QuadrupoleOrbitrap MS system (Thermo Fisher Scientific) in an informationdependent acquisition mode. MS spectra were acquired across the mass range of 350-1,800 m/z in high-resolution mode (70,000) using 250 ms accumulation time per spectrum. A maximum of 20 precursors per cycle were chosen for fragmentation from each MS spectrum with 100 ms minimum accumulation time for each precursor and dynamic exclusion for 20 s. Tandem mass spectra were recorded in high-resolution mode (>17,500) with rolling collision energy on. Peptides were selected for MS/MS using highenergy collision dissociation (HCD) operating mode with a normalized collision energy setting of 30.0. All the above solutions for LC-MS/MS were prepared in deionized H 2 O.
Bioinformatics analysis of LC-MS/MS data. First, MaxQuant was used to extract the intensities and unique peptide counts from LC-MS/MS data. For pairwise correlation analysis of the identified proteins, we used ggpairs to generate scatter plots and calculate pairwise correlation coefficient based on the ion intensities after normalization (http://CRAN.R-project.org/package=GGally). To define the pool of RNA-interacting proteins obtained with RICK, the modified RICK, and oligo(dT) capture with or without EU, we applied the following criteria: first, we included ion signals that were identified in at least two out of three experiments in experimental groups but not in controls. Second, for signals identified in both experimental and control groups, we selected the proteins with a ratio bigger than three compared to controls. We further filtered them by selecting only those proteins with a unique peptide count higher than two identified in at least two out of three independent experiments. GO analyses were performed using Fisher's exact test using the latest version of GO database (http://www.ebi.ac.uk/QuickGO/) implemented in omicsbean proteomics toolkit (www.omicsbean.com:88). Adjusted P value < 0.05 was considered as statistically significant. KEGG analyses were performed using KEGG Mapper v2.8 (http://www.kegg. jp/kegg/mapper.html). Adjusted P value < 0.05 was considered as statistically significant. The 358 RICK-exclusive mESC RBPs was compared to the 814 RBR-ID 40 identified mouse protein by using venny 2.1.0.
Plasmids. cDNAs were amplified from HEK293T or HeLa cells. They were cloned into pMXs vectors (purchased from Addgene) with FLAG tags. All plasmid sequences were confirmed by Sanger sequencing. Primers used for cloning are listed in Supplementary  Table 8 ; other plasmids used in this study were purchased from Vigene and are also listed in Supplementary Table 8. PAR-CLIP-biotin chemiluminescent nucleic acid detection and PAR-CLIP sequencing. HEK293T cells were transfected with plasmids expressing FLAG-tagged RBP candidates with 1 µg/µl Polyethylenimine (Polyscience). 24 h after transfection the cells were treated with 0.2 mM 4SU for another 16 h. Cells were then cross-linked with 0.4 J/cm 2 of 365 nm UV light, scraped off with a rubber scraper in 2 mL PBS per plate, and collected by centrifugation at 500 g for 5 min at 4 °C. Crosslinked cell pellets were resuspended in 300 µl (for each plate) NP40 lysis buffer (50 mM HEPES pH 7.5,150 mM KCl, 2 mM EDTA, 1 mM NaF, 0.5% NP40, 0.5 mM DTT, RNase inhibitor, and protease inhibitor cocktail), and incubated on ice for 10 min. Lysates were homogenized by 0.4 mm syringe needle and centrifuged at 13,000 g for 15 min at 4 °C. The supernatants were digested with RNase T1 (Sigma-Aldrich, cat# R1003) at a final concentration of 1 U/mL at 22 °C for 15 min and cooled for 5 min on ice. Magnetic beads conjugated with FLAG antibodies (10 µl for each plate; Sigma-Aldrich, cat# M8823) were then added to the cell lysates and incubated for 2 h at 4 °C. After that, the beads were collected with a magnetic particle collector (Invitrogen). Beads were washed three times with 1 mL of washing buffer (50 mM HEPES-KOH pH 7.5, 300 mM KCl, 0.05% NP40, 0.5 mM DTT, and protease inhibitor cocktail) at 4 °C, and resuspended in washing buffer (10 µl for each plate) with RNase T1 at a final concentration of 10 U/mL for 15 min at 22 °C, followed by immediate cooling for 5 min on ice. Beads were washed three times with 1 mL of high-salt washing buffer (50 mM HEPES-KOH pH 7.5, 500 mM KCl, 0.05% NP40, 0.5 mM DTT, and protease inhibitor cocktail) at 4 °C. Beads were resuspended in dephosphorylation buffer (50 mM Tris-HCl, pH 7.9, 100 mM NaCl, 10 mM MgCl 2 , and 1 mM DTT supplemented with calf intestinal alkaline phosphatase (New England Biolabs, cat# M0290) at a final concentration of 0.5 U/mL), and the suspension was incubated for 10 min at 37 °C to catalyze the dephosphorylation of both 5′ and 3′ ends of the precipitated RNA. After incubation, the beads were washed twice with 1 mL of phosphatase washing buffer (50 mM Tris-HCl, pH 7.5, 20 mM EGTA, and 0.5% NP40) and twice with 1 mL of T4 polynucleotide kinase (PNK) buffer without DTT (50 mM Tris-HCl pH 7.5, 50 mM NaCl, and 10 mM MgCl 2 ). For PAR-CLIPbiotin chemiluminescent nucleic acid detection, HEK293T cells (5 × 10 cm plates) were transfected with plasmids expressing FLAG-tagged RBP candidates. RNAs coimmunoprecipitated with the candidate RBPs were labeled with biotin according to the instructions of the Chemiluminescent Nucleic Acid Detection Module Kit (Thermo Fisher Scientific, cat# 89880). After the labeling, the beads were washed three times with washing buffer (containing 50 mM HEPES-KOH pH 7.5, 300 mM KCl, 0.05% NP40, 0.5 mM DTT, RNase inhibitor, and protease inhibitor cocktail) for 5 min at 4 °C and then incubated with SDS-PAGE loading buffer. The beads were then heated at 95 °C for 5 min to release the RNA-protein complexes. The RNA-protein complexes were loaded and run with Novex Bis-Tris 4-12% PAGE gel in MOPS buffer (Invitrogen). The complexes were transferred from the gel onto the nitrocellulose membrane on ice for western blotting or chemiluminescence nucleic acid detection. For PAR-CLIP sequencing (25 plates, 10 cm), the RNAs coimmunoprecipitated with CDK1 or METTL1 were treated with 1 U/µl T4 PNK (New England Biolabs, cat# M0201) for 60 min at 37 °C to transfer a phosphate to 5′-OH group of the precipitated RNA. After that, the samples were washed, eluted, and run with Novex Bis-Tris 4-12% PAGE gel in MOPS buffer. RNAprotein complexes were then transferred onto a nitrocellulose membrane (in parallel, another membrane was used for PAR-CLIP-biotin chemiluminescent nucleic acid detection by using a FUSION SOLO 4M System to identify the position of the captured RNAs). The first membrane was cut accordingly into small slices, and 200 µl proteinase K buffer (100 mM Tris-HCl, pH 7.4, 50 mM NaCl, and 10 mM EDTA) supplemented with proteinase K (Sigma-Aldrich) at a final concentration of 4 µg/µl were added. The slices were then incubated at 37 °C for 20 min. After that, 200 µl PK/urea buffer (100 mM Tris-HCl pH 7.4, 50 mM NaCl, 10 mM EDTA, and 7 M urea) were added and incubated for another 20 min at 37 °C. Afterwards, the RNA was extracted by adding 400 µl acid phenol/CHCl 3 (pH 4.3-4.7). Then, 1 µl of glycogen (20 µg/µl), 40 µl NaOAc (3 M, pH 5.5), and 1 mL 75% ethanol were added to assist the RNA precipitation at −20 °C overnight. Extracted RNAs were dissolved in 25 µl RNase-free water. The resultant RNAs were first ligated with 3′ RNA adaptor and then 5′ RNA adaptor. cDNAs were synthesized and amplified with a low-cycle PCR. The PCR products were selected based on size using PAGE gel according to instructions of TruSeq Small RNA Sample Prep Kit (Illumina). The purified library products were evaluated using the Agilent 2200 TapeStation and diluted to 10 pM for cluster generation and high-throughput sequencing (1 × 50 bp) on HiSeq 2500 (Illumina).
RNA immunoprecipitation. RIP experiments were performed as reported 37 . Briefly, 2 × 10 7 cells were washed with chilled PBS, harvested by scraping, centrifuged, and resuspended in an approximately equal pellet volume of polysome lysis buffer (100 mM KCl, 5 mM MgCl 2 , 10 mM HEPES pH 7.0, 0.5% NP-40, and 1 mM DTT) supplemented with RNase inhibitors (RNaseOUT, Thermo Fisher Scientific) and protease inhibitor cocktail. Samples were homogenized using a syringe with a 0.4 mm diameter needle and spun down in a microcentrifuge at maximum speed for 10 min at 4 °C. Supernatants were precleared with 30 µl protein G beads (Invitrogen) at 4 °C. Then, the lysates were diluted with NT2 buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM MgCl 2 , and 0.05% NP-40) supplemented with 100 mM DTT and 20 mM EDTA. One-twentieth of the supernatant was saved as RNA input, and the remaining lysates were used for RIP with 30 µl anti-FLAG magnetic beads (Sigma-Aldrich) at 4 °C overnight. Beads were washed five times with NT2 buffer. Afterwards, the RNA-protein complexes were digested with proteinase K at 55 °C for 1 h. RNA was purified using TRIzol and analyzed by RT-qPCR or semiquantitative PCR. Detailed primer information is provided in Supplementary Table 8. PolyA-depleted RICK. Cells (5 × 10 cm plates) were harvested by scraping and lysed in lysis buffer (100 mM Tris-HCl, pH 7.5, 500 mM LiCl, 10 mM EDTA pH 8.0, 1% LiDS, 5 mM DTT, and protease inhibitor cocktail) after click reaction, as described above. Lysates were homogenized using a syringe with a 0.4 mm diameter needle. 100 µl oligo(dT) beads (New England Biolabs, cat# S1419) were washed twice using lysis buffer and added to the cell lysate to incubate for 1 h at 4 °C. Beads bound to RNA-protein complexes were collected, and the remaining lysates were subjected to another two rounds of oligo(dT) capture. After that, the supernatants were incubated with Dynabeads MyOne Streptavidin C1 beads and then processed for RICK isolation. Then, the RNAprotein complexes bound to the Dynabeads MyOne Streptavidin C1 beads were extracted. The extracted proteins were digested and processed for LC-MS/MS analysis with Q Exactive Hybrid Quadrupole-Orbitrap MS system (Thermo Fisher Scientific) in an information-dependent acquisition mode, as described above.
Statistical analysis. All statistical calculations are included in the relevant figure legends. P value less than 0.05 was accepted as significant; *P < 0.05, **P < 0.01, ***P < 0.001. 
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Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
Software
Policy information about availability of computer code
Describe the software used to analyze the data in this study.
All RT-qPCR data were analyzed by Excel (2007); RICK RNA-seq data were analyzed using Bowtie (2v2.2.5), TopHat (v2.1.0), MACS (2.1), R (3.4.0), and glbase; PAR-CLIP sequencing data were analyzed using FASTX-Toolkit (0.0.13), Bowtie (1.1.2), PARalyzer (v1.5), and deepTools (2.2.0); HOMER (v4.7) was used for motif discovery; LC-MS/MS data were analyzed using MaxQuant (1.5.2.8), ggpairs (GGally 1.3.2), omicsbean proteomics toolkit, and KEGG Mapper. In-house code to generate distribution of the aligned reads is available from the corresponding author upon request. All these softwares are clearly described in the Methods section.
For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for providing algorithms and software for publication provides further information on this topic.
Materials and reagents
Policy information about availability of materials 8. Materials availability Indicate whether there are restrictions on availability of unique materials or if these materials are only available for distribution by a for-profit company.
All materials are available on reasonable request.
Antibodies
Describe the antibodies used and how they were validated for use in the system under study (i.e. assay and species).
Eukaryotic cell lines
a. State the source of each eukaryotic cell line used.
HEK293T, HeLa, and E14 mouse ES cells were all purchased from ATCC b. Describe the method of cell line authentication used. Gene expression by RT-qPCR of mouse ESC lysates was used to confirm the expression of specific pluripotency genes. No other cell line authentication was performed.
c. Report whether the cell lines were tested for mycoplasma contamination.
Yes, they were all monthly tested and devoid of mycoplasma contamination.
d. If any of the cell lines used are listed in the database of commonly misidentified cell lines maintained by ICLAC, provide a scientific rationale for their use.
To our knowledge, no cell lines used in this study are listed in the database of commonly misidentified cell lines maintained by ICLAC.
Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines
Description of research animals
Provide details on animals and/or animal-derived materials used in the study.
No animals were used in the study.
Policy information about studies involving human research participants
Description of human research participants
Describe the covariate-relevant population characteristics of the human research participants.
The study did not involve human research participants.
